Crude extracts of the Tahitian liverworts Mastigophora diclados and Frullania sp., the Indonesian Frullania sp., Dumortiera hirsuta and Marchantia sp., and the Japanese Porella perrottetiana were investigated chemically by using gas chromatography-mass spectrometry (GC-MS). All extracts contained various volatile sesqui-and diterpenoids and a few aromatic compounds. The Tahitian M. diclados and Frullania sp., and the Indonesian Frullania sp. exhibited cytotoxic activity against HL-60 and KB cell lines. The extracts of the Tahitian M. diclados and the Indonesian Marchantia sp. showed radical scavenging activity, whereas the crude extracts of the Tahitian M. diclados and Frullania sp., and the Indonesian Frullania and Marchantia sp. showed antimicrobial activity against Staphylococcus aureus and Bacillus subtilis.
Bryophytes are placed taxonomically between algae and pteridophytes and are divided into three classes: mosses, liverworts and hornworts [1a-1c] . Among these three classes, phytochemical studies on liverworts have been carried out in detail since liverworts produce oil bodies that are not found in the other bryophytes. Oil bodies of liverworts contain lipophilic terpenoids and aromatic compounds, several of which have shown various biological activities [1a-1e] . In this paper, we report the identification of volatile sesqui-and diterpenoids and aromatic compounds, and cytotoxic, radical scavenging and antimicrobial activities of the crude extracts of the Tahitian liverworts Mastigophora diclados (Brid.) Nees and Frullania sp., the Indonesian Frullania sp., Dumortiera hirsuta (Sw.) Nees and Marchantia sp., and the Japanese Porella perrottetiana (Mont.) Trev. Each liverwort was extracted with diethyl ether (Et 2 O) and then methanol (MeOH). The Et 2 O extract was analyzed by GC-MS (Table 1) . The compounds were identified by comparison of their mass spectra and retention indices with those of authentic samples, computer supported spectral library [2a] , literature [2b,2c] , and our own library data bases. The cytotoxicity, radical scavenging and antimicrobial activities were evaluated using WST-8 colorimetric, DPPH and dilution assays, respectively.
Both Et 2 O and MeOH extracts of the Tahitian Mastigophora diclados showed cytotoxicity against HL-60 and KB cell lines, antibacterial activity against Staphylococcus aureus and Bacillus subtilis and radical scavenging activity on DPPH (Table 2) . Recently, we reported the presence of herbertane-type sesquiterpenoids in the Et 2 O extract of the Tahitian M. diclados [3a] . The main component of the crude extract was herbertene (1, 30.4%), along with herbertane alcohols: α-herbertenol (2, 15.4%), β-herbertenol (3, 1.4%) and herbertenediol (4, 21.9%). Thin layer chromatography (TLC) showed that the profile of both Et 2 O and MeOH extracts were the same, suggesting that the chemical composition of both extracts was similar. Harinantenaina et al. [3b] reported that some of the herbertene sesquiterpenoids found in Malagasy M. diclados showed antibacterial activity against the Grampositive bacterium S. aureus. Herbertenoids also exhibited antifungal [3c], inhibition of NO production of lipopolysaccharide (LPS) [3d], and neurotrophic activities [3e]. Thus, herbertane sesquiterpenoids detected in this liverwort are expected to play an important role in providing cytotoxic, radical scavenging and antimicrobial activities. To our knowledge, there are no reports concerning cytotoxic and radical scavenging activities of M. diclados. Frullania (Frullaniaceae) is a very large and complex genus with over 1000 described taxa [3f] . It has been divided into six chemotypes: type I: sesquiterpene lactone-bibenzyl; type II: sesquiterpene lactone; type III: bibenzyl; type IV: monoterpene-type; type V: cyclocolorenone (ent-aromadendrane); and type VI: labdane diterpenoid-type [1c]. The Et 2 O and MeOH extracts of the Tahitian Frullania sp. exhibited cytotoxicity against the HL-60 cell line, but only the Et 2 O extract was toxic to the KB cell line, as shown in Table 2 . On the other hand, the Et 2 O crude extract indicated antimicrobial activity against S. aureus and B. subtilis, with MIC values of 100 and 64 μg/mL, respectively. In order to investigate whether or not the crude extracts scavenged the free radical DPPH, the DPPH scavenging activity assay on TLC plates was carried out. The result showed that these crude extracts were not active in this assay. GC-MS analysis of the Tahitian Frullania sp. indicated the presence of βselinene (5, 3.6 %), nootkatene (6, 0.4%), β-funebrene epoxide (7, 4.1%), costunolide (8, 1.0 %), and tulipinolide (9, 6.4%) [4a] . The component (9.8 %) at RI 2224 [M + 290 (230)] was identified as the eudesmane lactone, densilobolide B (10), which has been previously isolated from F. densiloba [4b] . Based on GC-MS analysis, which demonstrated sesquiterpene lactones 9 and 10 as major components, the Tahitian Frullania sp. was suggested to be classified into type II (sesquiterpene lactone-type).
The sesquiterpene lactones, costunolide (8) and tulipinolide (9) have been reported to possess cytotoxic activity against HL-60 [5a] and KB cell lines [1b,4a] , respectively. Thus the ability of the Et 2 O crude extract of the Tahitian Frullania sp. to inhibit the growth of cancer cells is based on the presence of sesquiterpene lactones as major components
The Et 2 O crude extract of the Indonesian Frullania sp. (Frullaniaceae) showed cytotoxicity against HL-60 and KB cell lines, and antibacterial activity against B. subtilis, as shown in Table 2 . The major component found in the Et 2 O crude extract was 3-methoxy-3',4'methylenedioxybibenzyl (11, 46 .1%) at RI 2141 [M + 256 (135)] [5b], together with the other minor 3,4'dimethoxybibenzyl (12, 2.3%) [6] and 3-hydroxy-4,3'dimethoxybibenzyl (13, 2.0%) [5b]. The diterpene fusicocca-2,5-diene (14, 3.5%) was found, together with the sesquiterpene hydrocarbons, E-β-caryophyllene (15, 0.7%), β-selinene (5, 0.9%), valencene (16, 7.5%) and β-sesquiphellandrene (17, 1.8%). Based on the chemotypes of Frullania mentioned above, the Indonesian Frullania sp. could be classified into type III (bibenzyl-type).
Bioactivity of the Et 2 O extract was predicted to be caused by the presence of bibenzyls in this liverwort. A previous investigation of bioactive components of the liverworts reported that a bibenzyl, 4-hydroxy-3'methoxybibenzyl showed cytotoxicity against monkey kidney cells (BSC) and antibacterial activity against B. subtilis, Candida albicans and Trichophyton mentagrophytes [7a] .
Neophytadiene, which was obtained by pyrolysis of chlorophyll, was found as the major peak in the GC-MS of the Indonesian Dumortiera hirsuta (Marchantiaceae). The other peaks were identified as nootkatene (6, 2.0%), guaia-6,9-dien-4β-ol (18, 6.1%) and humulene epoxide 2 (19, 2.3%). The peak at RI 1901 (M + 218) was identified as a dumortane derivative (20, 6.4%) [7b]. II  III  IV Interestingly, a previous investigation of Japanese P. perrottetiana showed the presence of a large amount of perrottetianal (35), labdanes and (-)-α-eudesmol. Thus, α-eudesmol was a significant chemical marker of P. perrottetiana since it was found as a major component [1b,1c] . However, in the present investigation, neither labdane nor (-)-α-eudesmol was identified, and pinguisane sesquiterpenoids 33 and 34, and the sacculatane diterpenoid 35 were the major components. Pinguisanol possesses cytotoxic activity against the KB cell line [1b,9d] , and thus it is suggested that the pinguisane-type sesquiterpenoids in P. perrottetiana play an important role in the cytotoxic activity.
In conclusion, as shown in Table 1 , all of the liverworts elaborate many kinds of volatile sesqui-and diterpenoids and aromatic compounds. Herbertane sesquiterpenoids are the chemical marker of M. diclados, which are predicted to play an important role in the cytotoxic, radical scavenging and antimicrobial activities. Two Frullania sp., collected in different countries, demonstrated completely different chemical components. The Tahitian Frullania sp. indicated the presence of sesquiterpene lactones as the major components, while the Indonesian Frullania sp. contained bibenzyls as its predominant components. Both of Frullania sp. showed significant cytotoxicity against KB and HL-60 cells. GC-MS analysis of P. perrottetiana indicated that pinguisane and sacculatane were the main components. Pinguisane sesquiterpenoids may be responsible for the cytotoxic activity since some pinguisanes have been reported to possess such activity 
Cytotoxicity assay:
Cell lines used in this study were HL-60 cells (human promyelocytic leukemia) and KB cells (human pharyngeal squamous carcinoma). Both were purchased from DS PHARMA BIOMEDICAL, Osaka, Japan. HL-60 cells were non-adherent and maintained in RPMI-1640, supplemented with 10% fetal bovine serum (FBS) at 37 o C in a humidified atmosphere of 5% CO 2 and 95% air. KB cells were grown as a monolayer in MEM supplemented with 10% FBS and 1% non essential amino acids at 37 o C in a humidified atmosphere of 5% CO 2 and 95% air. Either HL-60 or KB cells were seeded in 96-well plates at a density of 5 x 10 3 cells/well (100 μL/well), and the cultures were incubated for either 3 h (HL-60 cells) or 24 h (KB cells). One hundred μL of medium containing test compounds was added, and the cells were incubated for either 72 (HL-60 cells) or 48 h (KB cells). Cytotoxic assays were performed as described below. To the cultures, 20 μL of WST-8 solution was added and incubated for 1-2 h at 37 o C. After incubation, the optical densities at 450 nm were measured using a microplate reader (Molecular Device, Tokyo, Japan).
DPPH free radical scavenging assay: Briefly, the TLC plate was spotted with the crude extracts and then developed and dried. The TLC was sprayed with 0.2% 1,1-diphenyl-2-picryl hydrazyl (DPPH, Nacalai tesque) methanolic solution and the plate was stored in the dark. Spots on the TLC were observed in ordinary light after 30 min [10c]. This method was used to observe whether or not the crude extracts were active. In order to determine the IC 50 values of the active extracts, the scavenging activity of the crude extracts on DPPH was measured according to a previous method [11] . Various concentrations of samples (0.1 mL) were mixed with 0.1 mL of 50 μM DPPH solution in 96-well microtiter plates. After 30 min of incubation at room temperature the optical densities at 517 nm were measured using a microplate reader (Molecular Device, Tokyo, Japan (NBRC 12582 ). Bacterial strains were tested using a micro dilution assay and minimum inhibitory concentration (MIC) values were determined. Bacterial strains were inoculated on YP agar plates and were incubated overnight at either 37 o C (S. aureus and B. subtilis) or 30 o C (M. smegmatis, K. pneunomiae and P. aeruginosa). The stock solution of crude extracts was prepared as 10 mg/mL in DMSO and further diluted to varying concentration in 96 well plates, which contained incubated microbial strains. The plate was further incubated at 37 o C overnight; ampicillin was used as reference drug.
